Background--Although an association between human herpesvirus (HHV) infection and atherosclerosis has been suggested, the data supporting such an association are controversial and, in most cases, are based on serological evidence or on the presence of cell-associated HHV DNA, which do not report about actual viral replication. We quantified the DNA of all 8 types of HHVs in plasma, in which their presence is evidence of viral replication.
A therosclerosis of coronary arteries, the major cause of acute coronary syndrome (ACS), often may progress for years and even decades and suddenly result in the rupture of an atherosclerotic plaque, leading to myocardial infarction. [1] [2] [3] [4] Despite the long history of investigation, 5, 6 the triggers and mechanisms of such sudden ruptures remain largely unknown.
Since the 19th century, it has been suspected that the development of atherosclerotic plaques and their rupture are associated with inflammation caused by infection. 7 The list of different infectious agents that have been implicated in atherosclerosis development and progression has kept growing and includes bacterial (oral, gut, dental, and bronchoalveolar) 8 and different viral infections. [9] [10] [11] Based on the slow development of atherosclerosis, a candidate pathogen should be not overly pathogenic and should commonly infect humans, causing slow but persistent inflammation. Among known human viruses, human herpesviruses (HHVs) fit these criteria. Studies in animal models have demonstrated that HHVs are capable of contributing to the development of atherosclerosis-type pathologies. 12 Data on the involvement of HHVs in human atherosclerosis are far less conclusive 13 and are predominantly based on epidemiological studies. These data do not allow assessment of actual viral infection in patients because antibodies (and cell-associated DNA) may provide evidence of past infections rather than infections that are active at the time of analysis. 14, 15 In this study, we investigated the relation between HHV infection and cardiovascular disease at two levels. At the whole-body level, we investigated the association of the amounts of DNA in blood plasma, a marker of productive viral infection, 16, 17 and the clinical status of the patients. At the single atherosclerotic plaque level, we investigated the association of the presence of HHVs and T lymphocyte activation.
We found that among all HHVs, only HHV-5 (cytomegalovirus [CMV] ) was associated with coronary artery disease (CAD), and the levels of CMV DNA in plasma from patients with different forms of CAD and from healthy volunteers correlated with the levels of high-sensitivity C-reactive protein (hs-CRP). Moreover, in atherosclerotic plaques from the carotid arteries of patients undergoing carotid endarterectomy, the numbers of CMV DNA copies correlated with the immunoactivation of T lymphocytes in the same plaques.
Materials and Methods

Patients With CAD
A total of 53 healthy volunteers (27 men and 26 women, mean age 61.3AE12.3 years) and 97 patients with CAD were enrolled consecutively in our study: 71 of the CAD patients were diagnosed with ACS (45 men and 26 women, mean age 64.4AE9.7 years), and the other 26 had stable CAD (SCAD; 17 men and 9 women, mean age 66.3AE10.6 years), according to the current guidelines. [18] [19] [20] Among ACS patients, 47 had myocardial infarction with or without ST-segment elevation; unstable angina pectoris was diagnosed in 24 patients. Healthy volunteers were recruited as 1 control for 2 cases in our study. Detailed inclusion and exclusion criteria are presented in Table 1 .
In both patients and healthy volunteers, we analyzed traditional CAD risk factors according to the existing criteria: sex, age, dyslipidemia (fasting low-density lipoprotein cholesterol level >160 mg/dL or total cholesterol level >200 mg/ dL and high-density lipoprotein cholesterol level <40 mg/dL), obesity (body mass index ≥30), arterial hypertension (systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg). 21 For negative control of HHV infection, we used cord blood samples from 5 parturient women.
Patients With Peripheral Artery Disease Who Underwent Carotid Endarterectomy
We analyzed 18 atherosclerotic plaques from 17 patients (12 men and 5 women, mean age 62.5AE13.4 years) with peripheral artery disease who underwent carotid endarterectomy. The degree of carotid artery stenosis varied from 70% to 90% (median 80%, interquartile range [IQR] 75-90%). Four patients (24%) suffered from transient ischemic attack or stroke within 5 years before the surgery, and half of all plaque specimens (50%) were ruptured according to macroscopic evaluation. We divided each sample into 2 parts. One was used for flow cytometry analysis of T cells, and the other was used for real-time polymerase chain reaction (RT-PCR) for evaluation of herpesviral DNA.
Local ethics committees approved the study protocol. All participants provided written informed consent.
Flow Cytometry
To isolate T cells from atherosclerotic plaques without stripping off cell surface markers, we digested plaques with an enzymatic cocktail, according to the method we developed previously. 22 Briefly, after surgery, atherosclerotic plaques were collected in RPMI 1640 (Gibco, Life Technologies, MA, USA) and kept at room temperature until processing within 2 hours of surgery. Plaques were then washed extensively in RPMI medium to remove the contaminating peripheral blood-derived mononuclear cells. Atherosclerotic plaques were dissected from the healthy tissue, cut into cubes of 2 mm per side, and digested by an enzymatic mixture: RPMI with collagenase IV (Sigma-Aldrich, MO, USA) at 1 mg/mL in the presence DNase I (Sigma-Aldrich) at 0.2 mg/mL. Plaque fragments were digested by placing 10 to 15 blocks of tissues in Eppendorf tubes (Eppendorf, Germany) for 1 hour at 37°C in an incubator shaker; they were filtered through a nylon 40-lm filter, washed twice in 1x PBS (Gibco, Life Technologies), and stained for live/dead discrimination and with mixtures of antibodies. We stained isolated 
DNA Extraction From Plaques
Plaques were washed in RPMI medium and dissected into 2-mm cubic blocks. We grouped 4 tissue blocks weighing %25 mg each and extracted DNA from them using the QIAamp tissue DNA extraction kit (Qiagen, Germany), to which we added proteinase K to obtain higher amounts of extracted DNA and eluted the DNA into 300-lL aliquots. The DNA concentration and its quality were measured on a NanoDrop spectrophotometer (NanoDrop Products; Thermo Fisher Scientific, MA, USA).
DNA Extraction From Blood
Peripheral blood samples were obtained from patients during the first 24 hours of hospitalization and from healthy controls at the time of examination. Blood was centrifuged at 2500g for 10 minutes; plasma samples were separated, aliquoted, and kept at À80°C. Peripheral blood mononuclear cells were collected according to the previously described method. 22 After plasma was decanted, the red blood cells were lysed with a lysis solution (BioLegend, CA, USA), centrifuged at 400g for 5 minutes, and resuspended in PBS. We extracted viral DNA from plasma using the standard spin protocol (QIAamp DNA Blood Mini Kit; Qiagen).
Measurement of hs-CRP
Plasma hs-CRP was measured with an automated analyzer (Dimension Xpand Plus; Siemens, Germany) using C-Reactive Protein Flex Reagent (no. DF37; Siemens, CA, USA). Table 2 .
Quantitative Multiplex RT PCR
The specificity of the PCR reaction was confirmed with purified HHVs as positive controls and human cord blood DNA as the negative control: All primer/probe sets amplified their cognate DNA, and there was no amplification of cord blood DNA. Examples of standard curves for both combinations of primers and probes are shown in Figures 1 and 2 .
A flowchart of all experiments is provided in Figure 3 .
Statistical Analyses
The data obtained in the present study were not normally distributed, according to the Shapiro-Wilk test, and are represented as medians and IQRs. Because distributions were not normal, we used the Mann-Whitney rank test for comparisons of 2 groups; for >2 groups, the nonparametric Kruskal-Wallis 1-way ANOVA was used. For comparison of 2 dependent groups, we used the Wilcoxon matched-pair test.
To assess between-group effects, we used a multiplecomparisons rank test and receiver operating characteristic curve analysis. For the analysis of categorical parameters, we used the chi-square test with 392 frequency tables. For the analysis of relations between different HHVs and hs-CRP, the Spearman correlation coefficient was estimated. For the age distribution, we made the assumption of its normality and analyzed this distribution using the t test for 2 groups and ANOVA for multiple comparison. We also performed binomial multiple logistic regression analysis for the assessment of multiple predictors of CAD development. For this analysis, we used dichotomized age ≥55 years for men and ≥65 years for women (risk factor for CAD 24 ) and hs-CRP level ≥2 mg/L (marker of active inflammation 25, 26 ) and all other binominal factors as predictors. Statistical analysis was performed using 
Results
Analysis of Plasma
Using RT-PCR, we evaluated DNA of all 8 types of HHV in plasma samples from 71 patients with ACS, 26 patients with SCAD, and 53 healthy volunteers. Statistical analyses showed that the control group was not different from other groups in terms of age and sex characteristics. Patients with CAD had risk factors such as hypertension, obesity, and diabetes mellitus significantly more frequently than healthy controls.
Baseline characteristics of all patient groups are presented in Table 3 .
We evaluated the frequencies of the presence and the number of copies of HHV DNA in peripheral blood mononuclear cells and found that both frequencies of detection and DNA copy numbers for all 8 types of HHV did not differ significantly among the 3 groups of patients (Table 4) .
To evaluate productive viral infection, we measured HHV DNA in plasma. 16, 17 Although control cord blood samples were negative for the presence of HHVs in our measurements, we set an arbitrary level of 100 copies of viral DNA per microliter of plasma as a threshold for positivity. The frequencies of the presence of HHV DNA in the plasmatic fractions are presented in Figure 2 . The most frequent HHV was CMV, which was found in the plasma of %77% of the patients. Others were less frequent, with higher percentages of HHV-8 and HHV-7 and the lowest percentage for HHV-1, which was hardly detected in our samples.
We compared viral frequencies in plasma from participants in different groups and found a significant difference for only CMV regarding viral presence in the ACS, SCAD, and control groups (77.08%, 55.56%, and 46.15%, respectively; P=0.011). This difference was mainly caused by the difference between the ACS group and the control group (P=0.013). For all other HHVs, the differences between different groups were not significant ( Figure 4) .
We compared HHV loads in samples from the 3 groups (Table 5 ) and again found significant differences between groups only in the amounts of CMV DNA. According to a multiple-comparison test, the amount of CMV DNA was significantly higher in ACS patients than in healthy volunteers (median CMV DNA copy number 213. 15 To determine the threshold level of viral load in plasma for the patients with acute coronary events and with all CAD types, we performed a receiver operating characteristic analysis. The receiver operating characteristic curves were statistically significant in both cases (Figures 5 and 6 ). We defined a threshold level giving equal numbers of falsenegative and false-positive results: 142 CMV DNA copies for ACS patients and 114 CMV DNA copies for ACS and SCAD patients combined. The area under the curve, however, was larger in the first case than in the second, and the sum of false-negative and false-positive results was lower for the threshold of 142. Based on this analysis, we determined that patients with ACS with high probability will have a CMV load of >142 DNA copies per microliter of plasma.
Except for CMV, the viral loads of all other HHVs did not differ significantly in plasma of participants from different groups (Table 5) .
Because our patient groups differed regarding several risk factors, we analyzed whether CMV load correlated with them and found that CMV plasma loads were higher in hypertensive participants (median CMV DNA copy number 168. (Table 6 ).
Due to the correlations of CMV load with risk factors found in our study, it was crucial to establish whether CMVproductive infection is an independent risk factor for ACS development or it depends on other risk factors, such as obesity, hypertension, and diabetes mellitus. Toward this goal, we investigated whether HHV frequencies and loads correlated with the CAD risk factors. Statistical analysis showed no such correlation. Moreover, we performed a multiple binomial logistic regression analysis of CAD development with such predictors as CAD risk factors, hs-CRP level, and CMV presence in plasma. We found that age, arterial hypertension, diabetes mellitus, and CMV independently predicted the development of ACS in the multiple regression model ( Figure 7) . As for SCAD, the only risks factors persisting in the multiple regression model were arterial hypertension and hs-CRP level ( Table 7) .
Analysis of Plaques
Using an original protocol for isolation of lymphocytes from atherosclerotic plaques, we previously found that plaques are enriched with activated CD4 and especially with CD8 T lymphocytes. 22 In the current study, we investigated whether T lymphocyte activation and differentiation correlated with the presence of HHVs in individual atherosclerotic plaques from 22 patients who underwent endarterectomy. As reported earlier 22 and confirmed in this study, both CD4 + and CD8 + T lymphocytes in plaques were highly activated compared with these cells in blood, as shown by the expression of the CD25, CD38, and HLA-DR activation markers. Furthermore, there were significantly more Tem cells and fewer na€ ıve T cells and Tcm cells in plaques than in blood from the same patients (Table 8) .
We evaluated HHV DNA in the same plaques in which we measured T lymphocyte status and found that the most frequent HHVs were HHV-3 and CMV (at least 100 copies of HHV DNA were found in 88% and 82% of plaques, respectively). Other HHVs were detected less often (Figure 8 12 ). In summary, we found that (1) HHV DNA was present in plasma of both ACS and SCAD patients and in that of healthy controls; (2) HHV DNA copy numbers of all HHVs did not differ significantly between the SCAD and control groups; (3) the presence and load of HHV-5 (CMV), but not other HHVs, were higher in plasma of patients with ACS than in healthy volunteers; (4) CMV load in patients and controls correlated with the levels of hs-CRP in these participants; and (5) the copy numbers of CMV DNA in carotid artery plaques correlated with the lymphocyte differentiation levels in the same plaques.
Discussion
It is well established that immunoactivation is associated with the destabilization of atherosclerotic plaques. 4 We previously found that both the spectrum of lymphocytes and their activation status in plaques are different from those in blood. 22 In particular, plaques are enriched in CD8 and CD4 T lymphocytes, which express activation markers CD25 and HLA-DR and are effector memory rather than na€ ıve. These lymphocyte phenotypes may indicate the presence of a specific antigen toward which these lymphocytes are reactive. Herpesviruses, which are among the most ancient and abundant viruses in humans, have been considered to be associated with atherosclerosis. Although some continue to be highly pathogenic, 27 others are moderately pathogenic, and some (HHV-6, HHV-7) have generally lost their pathogenicity for immunocompetent persons. Although it was initially thought that HHVs could go into latency, it was found later that some are frequently reactivated and resuppressed by the immune system. 28 The ubiquity and the ability to cycle between dormancy and replication make HHVs candidates for the role of constant triggers of immunoactivation that is closely related to the development of atherosclerosis. Early in 1980s, it was shown in chickens infected with Marek disease herpesvirus 12 that diet-induced experimental atherosclerosis developed at a higher rate than in control animals. Evidence of the involvement of HHVs in the development of atherosclerosis and restenosis after coronary angioplasty and in the acceleration of atherosclerosis development in heart transplant recipients has also been reported. 29 Furthermore, CMV antibody levels have been linked to CAD-related mortality in the general population.
14 Data on the involvement of HHVs in general and of CMV in particular in human atherosclerosis are based predominantly on serological evidence. Seropositivity for CMV (or the level of CMV immunoglobulin G antibodies) has been reported to be associated with cardiovascular disease. 30, 31 Furthermore, positive serology for HHV-1 has been found to be associated with a higher risk of myocardial infarction or cardiovascular death. 32, 33 In autopsies of aortic tissues that were identified histologically as atherosclerotic, DNA of HHV-1, HHV-4, and ORs are given for binomial CAD risk factors (with age ≥55 years for men and ≥65 years for women), hs-CRP level (≥2 mg/L), and CMV presence in the multiple regression model comparing stable CAD patients and healthy volunteers. CAD indicates coronary artery disease; CL, confidence level; CMV, cytomegalovirus; DM, diabetes mellitus; hs-CRP, high-sensitivity C-reactive protein; OR, odds ratio. *Differences are statistically significant at P<0.05. CMV were present more frequently than in nonatherosclerotic tissues. 34, 35 In other studies, however, no differences were found between healthy persons and patients with early signs of atherosclerosis regarding the presence of anti-HHV-1, anti-HHV-2, and anti-CMV antibodies 36 and HHV-1, HHV-4, and HHV-5 DNA in blood monocytes of patients with CAD. 13 These contradictions may stem from the fact that neither serology nor DNA in cells give information about whether HHVs continue to replicate at the time of analysis. To study productive CMV infection, Gredmark et al studied HHV-5 RNA expression in monocytes isolated from peripheral blood and found that productive CMV infection occurs in 15% of ACS patients and 10% of SCAD patients but in only 2% of healthy persons. 37 In this study, we undertook another approach to evaluate productive HHV infection. Rather than focusing on HHV replication in particular cells, we evaluated DNA of all HHV types in plasma, into which the productively infected cells may release viruses. 17 This analysis revealed all HHVs in plasma of healthy controls and patients with SCAD and ACS. Unexpectedly, this included HHV-8, which was found at a higher frequency than what is usually reported for white populations (12.9%) but was well within the reported frequency in elderly populations in endemic regions (46.4%) and in Russian populations affected by several conditions. 38 We next investigated the frequencies of the HHV genomes for different groups: except for CMV, we did not find differences among the 3 groups regarding the frequency of HHV presence.
We analyzed CMV in plasma not only qualitatively (present or not present) but also quantitatively by measuring HHV load with RT-PCR for HHV DNA. We found that for CMV, the DNA copy numbers in plasma positively correlated with ACS. There were no such correlations for other HHVs. Moreover, there was no difference in viral load, including that for CMV, between SCAD patients and healthy volunteers. Consequently, the increased viral load for CMV was restricted to the acute stage of the disease.
Important marker of inflammation during CAD progression is CRP, which is an established risk factor of CAD. 39, 40 In this study, we found a positive correlation between CMV and hs-CRP across all groups, including SCAD patients and healthy controls. This indirect but strong evidence showed that CMV infection is an important cause of the inflammatory process. Whatever the actual trigger of the inflammatory process in atherosclerosis, it is associated with perturbation of the T cell repertoire in blood and in plaques. 41 In particular, the expansion of unusual T lymphocytes in peripheral blood (CD4 + CD28 À T cells) is strongly associated with the recurrence of acute coronary events 42 and appears in other diseases, 43 such as acute ischemic stroke. 44 In contrast, accumulation of intermediately and late-differentiated CD8 Tem cells in blood is associated with CMV infection. [45] [46] [47] With the development of the protocol of flow analysis of individual T cells in plaques, we can now link the status of these T cells to CMV load. We confirmed our earlier report that the fractions of activated T cells in carotid artery plaques of patients undergoing carotid endarterectomy were higher than in blood and demonstrated the enrichment of intermediately differentiated (CD27 +/À CD28 + ) but not late-
were fewer na€ ıve CD4 and CD8 T cells and fewer CD4 Tcm cells in plaques than in blood. The increase of the fraction of Tem cells and the decrease of the fraction of Tcm and na€ ıve cells suggest a more activated T cell phenotype, probably due to an antigen-driven process 48 ; therefore, plaques seem to represent the sites of a particular high immune activation. Remarkably, the fraction of intermediately differentiated Tem cells positively correlated and the fraction of Tcm cells negatively correlated with the presence of CMV DNA in the same plaque. We also found some other HHVs in plaques; however, their DNA levels did not correlate with T-cell activation and differentiation profiles. Consequently, our results indicated that plaques with high amounts of CMV (which we found to be associated with ACS) are characterized by high levels of T-cell activation. Because these plaques were obtained from the carotid arteries, their structure is slightly different from that of the coronary arteries. Although there are apparent limitations in combining plaques at remote sites and differing arterial beds into a single pool, we checked that half of plaques were macroscopically complicated, although all of these patients were without signs of an acute event in the studied vascular area. It is conceivable that CMV contributes to T-cell activation and may trigger the rupture of these plaques. Although we previously found and confirmed in this study that activated T cells accumulate in plaques, which are infected with CMV, these cells may not be the only ones that play a role in HHV infection. Macrophages and endothelial cells may serve as targets and/or transporters of various HHVs and also may contribute to local and systemic immunoactivation. Further studies are needed to establish the role of these and other cells. In summary, we found that CMV is strongly associated with the atherosclerotic process and, in particular, with ACS.
Our work has significant limitations. Although the correlations with CMV load seem to be proven, the size of the cohort may have contributed to the fact that we did not find any correlations with HHV-7 and HHV-8, which are present at lower frequency in this population. Furthermore, the dispersion in several risk factor frequencies, such as hypertension and diabetes mellitus, between groups was so wide that perhaps there were too few events in some groups to support these variables in the multiple regression model. Although the release of CMV into the blood is accepted as evidence of productive infection, we do not know which specific cells produce CMV and whether these cells are localized in plaques or at other sites.
Although we found an association between CMV in plasma and ACS, it is possible that other pathogens not studied in the present work also may be associated with this syndrome. 49 In general, our results support a hypothesis that acute coronary events are synchronized with acute viral replication, possibly because of CMV reactivation, and this reactivation, which may occur both at the systemic level and in plaques, may contribute to plaque destabilization. It is conceivable that preventing the reactivation of CMV may affect the outcome of CAD. Future studies should shed more light on the relation of ACS in particular and cardiovascular diseases in general to CMV and possibly to other HHVs, 50 which may lead to new treatment strategies.
